Introduction
Lipopolysaccharide (LPS) is a complex molecule that forms the matrix of the outer leaflet of the outer membrane of Gram-negative bacteria. T h e molecule may be divided into domains, each of which is involved in different functions. T h e most proximal domain to the bacterial cell consists of lipid A. This is linked via ketodeoxyoctulosonic acid (KDO) to the core domain, and this in turn is linked to the distal 0-antigen domain in the Enterobacteriaceae [l]. A particular class of LPS molecules, found on non-enteric bacteria such as Haemophilus spp. and Neisseria spp. amongst a number of others, apparently does not have an 0-antigen domain and has been called lipo-oligosaccharide. In these molecules the core structure is often branched, complex and variably
LPS serves a number of functions for bacterial cells, not least being its role in the maintenance of cell integrity and thus viability. One particular set of functions that is often considered for pathogenic bacteria is the role of LPS in interactions with host organisms. T h e lipid A domain of the molecule is generally considered to be congruent with endotoxin, which is a Abbreviations used: KDO These effects, if in moderation, may be beneficial to the host by powering up the immune response and thus assisting in the clearance of invading bacteria, but if the response is excessive, damage may be caused and the host may die [l]. The latter is most often seen as septic shock. T h e saccharide domains of the LPS molecule generally are not considered to play an important role in direct elicitation of host responses, but they are immunogens, and have been suggested as contributing to protective immunity in some infections [5, 6] . T [15] . Even in these bacteria not all of the genes required were known. However, recently there has been an explosion of information on the genetics of LPS biosynthesis in a number of different bacterial species [16-231; and even this is being overshadowed by the information beginning to emerge from genome sequencing projects [24] . These advances have led to problems with the current gene nomenclature, where the number of gene symbols available is not sufficient to name all of the newly identified genes. A new nomenclature has thus been proposed, which will be used in this paper [25] .
LPS genetics is not a simple subject. In the study of protein virulence factors, each gene can usually be directly related to its protein product. Thus a mutation in a gene for a particular toxin or adhesin will usually have an obvious effect on that protein. With polysaccharide genetics, the proteins encoded by the genes can be involved in metabolism (for the biosynthesis of the sugar substrates), polymerization of the polysaccharide, transport of the molecule to the outer membrane and correct assembly of the molecule at the outer membrane. These functions do not take into account the complex regulation and integration of the processes that clearly also rely on a number of other gene products. Mutations in any of these genes may have a number of unpredicted effects on the final phenotype of the polysaccharide being studied.
LPS genetics in Salmonella spp.
Many of the genes in salmonellae responsible for LPS biosynthesis were identified some years ago using classical genetics [ 151, but only recently have they been cloned and sequenced. This exercise has revealed a number of new genes and has redefined the roles of some of the old genes.
Essentially the genes required for LPS biosynthesis in salmonellae fall into three main groups corresponding to the three domains of the molecule. First, starting at the distal end of the LPS molecule, the genes for 0-antigen biosynthesis are found in a locus previously called rfb. The genes encoded at this locus include those for nucleotide-sugar biosynthesis enzymes, for example, the man genes for GDP-mannose biosynthesis, the rml genes for dTDP-rhamnose biosynthesis and the ddh genes for NDP-dideoxyhexose biosynthesis [25] . Glycosyltransferases are encoded by wba genes. For example, the mannosyltransferases, each of which catalyses the formation of a different sugar linkage, are encoded by wbaO, wbaU, wbaW and wbaZ.
Often also present within 0-antigen biosynthesis loci are genes encoding enzymes for export, polymerization and assembly functions. Amongst others these include wzx (previously rfbx), wzy (previously rfc) and wzz (previously cld or ml).
Mutation in any of the genes in this locus leads to loss of 0-antigen structures from the LPS, leading to rough or semi-rough colony phenotypes.
Second, the genes for core biosynthesis are to be found in the locus previously called rfa. These have now been renamed waa [25] . Mutations in these genes cause truncation of the core oligosaccharide, leading to a rough colony phenotype. The minimal structure able to be generated in such mutants consists of lipid A and two molecules of KDO, resulting from mutation in the waaC gene which prevents the addition of the first heptose residue. The next heptose is added by waaF and again mutation in this gene leads to a 'deep-rough' phenotype. Thus a series of mutants may be generated with progressively more sugar residues in their LPS molecule corresponding to the various chemotypes of LPS Third, genes for lipid A biosynthesis are found on several other parts of the chromosome, some in complex loci. In an extensive and beautiful series of studies, Raetz et al. [1, 3, 4, 25] have identified enzymes for most of the steps of lipid A biosynthesis, and cloned the genes required from E. coli. These were previously called lpx but have now been renamed within the waa designations. More recently the same group has discovered the genes required for the late acylations that complete lipid A biosynthesis. These were previously known as htrB and msbB and are now renamed waaM and wsaaN.
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Genetic manipulation of lipid A biosynthesis in salmonellae
Lipid A relies on a completed molecule for full activity as endotoxin. This consists of a phosphorylated diglucosamine that is further substituted by fatty acyl chains. In salmonellae, the 2,3,2' and 3' positions of the diglucosamine are substituted by 3-hydroxytetradecanoic acid. Two of these, those linked to the 2' and 3' positions, are further substituted at the hydroxy group by dodecanoic acid and tetradecanoic acid respectively. These secondary acylations complete the biosynthesis of lipid A and, as mentioned above, are catalysed by the waaM and waaN gene B52 products [l] . Lipid A that has been chemically treated to remove the secondary acyl chains substantially loses toxicity. In addition, a mammalian enzyme found in phagocytes that detoxifies lipid A in vivo, acyloxyacyl hydrolase, catalyses the removal of these chains [26, 27] . It is thus currently of interest to investigate whether detoxification of LPS by genetically manipulating the bacteria to prevent addition of these acyl chains is possible, and if so whether this has the expected effects on pathogenesis. Initial steps towards this have been taken by Somerville et al. [28] , who generated transposon insertion mutants in E. coli and screened for loss of ability to induce E-selectin expression (related to endotoxin activity). They discovered that an insert in the msbB gene (now called waaN) caused loss of the expected fatty acyl chain from the lipid A and in turn loss of ability to induce E-selectin and tumour necrosis factor ct release in vim [28] . This then is a mutant E. coli with reduced endotoxin activity dependent on a genetically mediated change in lipid A structure.
We In an attempt to unravel the genetics underlying the biosynthesis of these fascinating molecules, we initially used transposon mutagenesis to identify loci containing LPS biosynthesis genes. Tn5 was used to mutate wild-type B. pertussis and these mutants were subsequently screened with monoclonal antibodies specific for band A LPS (kindly provided by Dr. Bernard Brodeur and Dr. Denis Martin, National Laboratory for Immunology, Ottawa, Ontario, Canada). Three mutants were identified that were not reactive with the monoclonal antibodies. Subsequent cloning and sequencing of the mutated region revealed the presence of a large locus encompassing approx. 17 kb of DNA, originally called bpl and now renamed wlb [35] . Homology searching with the open reading frames in this locus led to the putative identification of several functions. Intriguingly, the first two open reading frames in the locus point 'leftwards' and encode w a d and waaC, for the addition of KDO and the first heptose respectively. The stop codon of waaC overlaps with the start codon of w a d , strongly suggesting an operon structure with translational coupling of the expression of these two enzymes. In E. coli and Salmonella these genes are found as part of the waa locus [36] and are not together in an operon structure. It seems therefore that B. pertussis may have been subjected to some evolutionary pressure to closely regulate these two functions with respect to each other. Moving along the locus to the right, there is next a small intergenic region, within which divergent promoters must lie, and then a long stretch of approx. 15 kb of DNA within which lie the genes wlbA to wlbL. An allelic replacement mutant in B. pertussis in which the whole of the wlb locus is deleted cannot synthesize band A LPS, but has an intact band B, strongly suggesting that in B. pertussis wlb is responsible for only band A biosynthesis.
Based on homology analysis, putative function can be ascribed to many of the wlb gene products. Thus it is suggested that wlbA encodes a dehydrogenase, wlbB an acetylation enzyme, wlbC an enzyme involved in transfer of amino groups to sugars and wlbD a UDP-GlcNAc-2-epimerase, which catalyses the formation of UDP-ManNAc. A putative metabolic pathway from UDP-GlcNAc to UDP-2,3-diNAcManA can then be constructed based on these enzymes acting in the order WlbD, WlbC, WlbB, WlbA (Figure 1 ). wlbE encodes a sugar transferase and we propose that this acts to transfer the 2,3-diNAcManA from the UDP-sugar precursor to the growing trisaccharide. Thus the first five genes may be a unit required for biosynthesis and transfer of 2,3-diNAcManA. This hypothesis is currently being tested genetically and is about to be tested enzymologically. The next gene, wlbF, is homologous to wlbC and thus is probably also required for synthesizing an amino sugar. Its precise role is unknown. One of the most interesting genes in the locus is wlbG. This encodes a protein that is highly homologous to a domain of the protein family encoded by wbaP in other bacteria. This protein in Salmonella transfers a galactose residue to an undecaprenol lipid carrier molecule, this being the first step in Several important questions remain regarding LPS genetics in the bordetellae. 
